Meiosis is a fundamental process that generates new combinations between maternal and paternal genomes and haploid gametes from diploid progenitors. Many of the meiosisspecific events stem from the behavior of the cohesin complex (CC), a proteinaceous ring structure that entraps sister chromatids until the onset of anaphase. CCs ensure chromosome segregation, participate in DNA repair, regulate gene expression, and also contribute to synaptonemal complex (SC) formation at meiosis by keeping long-range distant DNA interactions through its conserved structure. Studies from yeast to humans have led to the assumption that Scc1/RAD21 is the α-kleisin that closes the tripartite CC that entraps two DNA molecules in mitosis, while its paralogue REC8 is essential for meiosis. Here we describe the identification of RAD21L, a novel mammalian CC subunit with homology to the RAD21/REC8 α-kleisin subfamily, which is expressed in mouse testis. RAD21L interacts with other cohesin subunits such as SMC1α, SMC1ß, SMC3 and with the meiosis-specific STAG3 protein. Thus, our results demonstrate the existence of a new meiotic-specific CC constituted by this α-kleisin and expand the view of REC8 as the only specific meiotic α-kleisin.
During meiosis, two successive rounds of chromosome segregation occur with a single round of replication which leads to the production of haploid gametes from diploid progenitors 1 . This ploidy reduction is achieved by meiosis-specific events such as pairing, synapsis, crossing over between homologs, suppression of sister centromere separation during the meiosis I (reductional division) and separation of sister chromatids in meiosis II (equational division). Sister chromatid cohesion is mediated by a ring-shaped proteinaceous complex named the cohesin complex (CC), which entraps the sister chromatids from its establishment at the S-phase of the cell cycle until its opening at the onset of anaphase [2] [3] [4] [5] . The distinct patterns of chromosome dynamics between mitosis and meiosis II (biorientation) and meiosis I (monoritentation) stem in part from a meiosis-specific mechanism of protection of the centromeric cohesion 6, 7 and from differences in the composition of the CC between the somatic and the germline lineages.
The mammalian CC is composed of four proteins: two members of the family of structural maintenance of chromosome proteins (SMC1α and SMC3 at mitosis, and SMC1α or SMC1ß and SMC3 at meiosis), one α-kleisin subunit (SCC1/RAD21 at mitosis and/or REC8 at meiosis), and a HEAT repeat domain protein (STAG1 or STAG2 at mitosis, and STAG1, STAG2 or STAG3 at meiosis) 8, 9 . This proteinaceous complex is supposed to form a tripartite ring that can be cleaved at the α-kleisin subunit (either RAD21 or REC8) by the action of separase 8 . The activity of this protease plays a crucial function in the metaphase to anaphase transition 9 . In addition to the structural components of the CC, there are several cohesin-interacting proteins that regulate the dynamics of CC such as PDS5 (two paralogues exist in mammals PDS5A and PDS5B), WAPAL, Sororin, the loading factor NIPBL/SCC2, the lysine acetylases ESCO1/ESCO2, and the yeast lysine deacetylase Hos1 [10] [11] [12] .
An important aspect of the cohesins in meiosis, apart from its function in chromosome dynamics, is related to their contribution to the assembly of the SC and eventually, in the generation of the axis-loop structure of meiotic chromosomes which supports synapsis, recombination and segregation [13] [14] [15] . The assembly of the axial element (AE) of the SC after DNA replication is one of the earliest events of meiosis. In mammals, the cohesin subunits RAD21, REC8, SMC3, SMC1α, SMC1ß, and STAG3
and WAPAL decorate the AEs of the SC from its assembly at leptotene to the full synapsed lateral elements (LEs) at pachytene [16] [17] [18] [19] [20] [21] . It is not until diakinesis when most of the structural components of the AEs/LEs are partially removed including cohesins 22 .
Based on the inability of yeast Rec8 mutants and meiotic-kleisin-deficient C. elegans (Rec8, COH-3 and COH-4) to form AEs, it is becoming widely accepted that cohesins play a pivotal role in the AE assembly 23, 24 . However, this requirement is not so evident in mammals since it has been observed that REC8-deficient mice are able to assemble AEs in male and female meiocytes 25 . This fact has been attributed to the coexpression of several α-kleisins in mammalian meiocytes, as is the case for C. elegans, which would be masking the essential and conserved function of cohesins in AE assembly 24 .
In this work we describe the molecular cloning and biochemical characterization of RAD21L, a novel mammalian protein of the CC with homology to the RAD21/REC8
α-kleisin subfamily. This novel α-kleisin interacts with other cohesin subunits such as SMC1α, SMC1ß, SMC3 and with the meiosis-specific STAG3 but not with STAG1/2.
The Rad21l transcript is detected by Northern blot analysis only in testis. Accordingly, RAD21L protein is expressed in mouse meiocytes localizing to the AEs/LEs of the SC.
Results and Discussion
Based on the existence of paralogues for most of the cohesin subunits in mammals, and given the fact that other species such as C. elegans have five different kleisins, we searched for paralogues of the RAD21/REC8 in silico using their conserved N-terminal and C-terminal domains (see Methods (Fig. 1) . In its paralogue RAD21, these domains interact with the head of SMC1α/ß and SMC3, locking the CC ( Fig. 2A) .
In order to determine the Rad21l transcription pattern in mouse, we carried out can not rule out that oocyte could also express RAD21L at moderate levels (see below).
From these results, we conclude that RAD21L is expressed very weakly in a variety of somatic tissues, being the testis the only organ with a moderate level of transcription.
Interestingly, this situation is also mirrored in the pattern of transcription of REC8
(which is widely accepted to be meiosis-specific) in somatic tissues with an unknown function such as in thymus (www.symatlas.org). Taking together our results of the transcription analysis of RAD21L, we anticipate that this novel α-kleisin could be playing a major reproductive function in the mouse.
Given the absence of cellular models in the male germline that enable studies of gain and loss of function, we first made use of a heterologous system. Human
Embryonic Kidney (HEK) 293T cells were transiently transfected with an expression plasmid encoding RAD21L tagged at the N-terminus and subjected to immunoprecipitation (IP). The two prominent bands obtained were identified by mass spectrometry as SMC1α and SMC3 (Fig. 3A) . The efficiency and specificity of the immunoprecipitated proteins were comparable using an expression vector of Rad21.
This interaction was also validated by Western blot (Fig. 3B) . Similarly, RAD21L was also able to interact with SMC1ß as well as with SMC1α ( Fig. 3C-D) . In order to validate the observed interactions using this overexpression model, we confirmed that transfected RAD21L was targeted to the nucleus and bound to chromatin in a way similar to that expected for a cohesin subunit ( Fig. 3E-F) .
Aside from the structural subunits of the CC, several additional above mentioned regulatory factors such as PDS5 and WAPAL have been demonstrated to play important roles in the dissociation of most cohesins from sister chromatids at the mitotic prophase in the so-called sister chromatid resolution 26, 27 . Recently, the region of interaction of STAG1 with RAD21 has been mapped and proposed to be needed for the assembly and function of WAPAL to the CC 28 . Thus, we next sought to examine whether RAD21L is also able to interact with these subunits. For this purpose, we transiently expressed Rad21l in HEK 293T cells as well as two novel engineered expressing vectors with deletions at the region of interaction of RAD21 with STAG1 28 and at the corresponding homologous region of RAD21L (Δ 345,365 Rad21l and Δ 372,392 Rad21). We did not observe interaction of RAD21L/Δ 345,365 RAD21L with STAG1 and/or STAG2 nor with WAPAL, whereas RAD21 was able to interact with these proteins and its negative control (Δ 372,392 RAD21) was not, further supporting the specificity of our assay ( Fig. 4A-C) . Owing to the tetrapartite structure of the cohesin core complex and to the expression of RAD21L at testis, we asked whether STAG3 could be the HEAT repeat domain protein that interacts with this new α-kleisin.
Interestingly, RAD21L was able to interact with STAG3 (Fig. 5A ). This interaction is also observed with RAD21 and is not mediated via the same domain that interacts with STAG1/STAG2. In order to validate these interactions in vivo, we carried out IP using antibodies directed against RAD21L in testis extracts. SMC3, SMC1ß and STAG3 but not STAG1 were co-precipitated with RAD21L. Similarly, RAD21L were coprecipitated with SMC1α and SMC3 ( Fig. 5B-C) . Taken together, we thus conclude that the new α-kleisin RAD21L is able to interact with SMC1α/ß, SMC3 and STAG3 as a new bona fide element of the CC (Fig. 5D ) but with distinctive properties such as its inability to interact with STAG1, STAG2 and WAPAL.
We next determined the subcellular localization of RAD21L in meiocytes using two antibodies raised against the C-terminus end of the protein (see Methods for details). To do that, we carried out an analysis of mouse spermatocytes/oocytes spreads using immunofluorescence (IF) colocalization of RAD21L and SYCP3, a structural component of the AEs/LEs that enables meiosis staging. The results showed that RAD21L is located at the AEs and LEs of spermatocytes and oocytes (Fig. 6 ), similarly to other cohesin subunits such as REC8 and RAD21 17, 19 . Thus endogenous RAD21L
protein is detected and locates to the SC of both spermatocytes and oocytes.
These conclusions are consistent with two very recent reports (appeared while this manuscript was being edited) using other reagents and strategies 29, 30 . In these studies, the same ORF was also identified. The protein, named RAD21L by these two independent groups, is likewise shown to be located at the AEs/LEs of the SC of spermatocytes and oocytes 29, 30 . In these works, the pattern of transcription is restricted to reproductive tissues and no transcription was detected in somatic tissues. These discrepancies with our study could be due in part to different sensitivities between the RT-PCR assays. Nevertheless, in both reports, the protein RAD21L is also showed to interact with SMC1α/ß, SMC3 and STAG3 in testis extracts 29, 30 which is also the tissue found to express the new protein.
Given that all the cohesin subunits are expressed simultaneously in testis, is very plausible that different CCs could coexist within the same cell at the same time following the tetrapartite ring model: SMC1(α or ß)-SMC3-α-Kleisin(RAD21, REC8 or RAD21L)-STAG(1, 2 or 3) suggesting specific CC program during mammalian meiosis. From our results, we provide experimental evidences showing that RAD21L is able to constitute a meiotic-specific CC with SMC3-SMC1α/ß-STAG3.
Finally, we analysed the genetic relationship of RAD21L with their paralogues RAD21 and REC8 by using an in silico analysis of sequenced genomes from sea urchin to humans. This evolutionary analysis shows that RAD21L is most likely a paralogue of RAD21 and is present from bony fish to mammals including reptiles and birds but was lost by the amphibian lineage ( Fig. 7) . From this analysis, it is interesting to also note the surprising absence of REC8 in the avian lineage, which suggests that RAD21L
could have functionally replaced the meiotic function of REC8.
In summary, we provide evidences that RAD21L is a new α-kleisin related with RAD21 which is only expressed at moderate levels in spermatocytes/oocytes. Given the localization of RAD21L at the AEs/LEs of the SC during prophase I and its ability to interact specifically with the meiotic-specific STAG3, we suggest that this α-kleisin participate in the composite molecular processes that are sustained by the SC such as DNA-looping and compaction, pairing, synapsis, and recombination. The functional analysis of a gene-targeted mutation of RAD21L in mouse will undoubtedly shed light on the role that this α-kleisin plays in mammalian gametogenesis. Antibody production. We have generated two different Abs in the same species (rabbit) using two different antigens. Rabbit αRAD21L-AP was raised against a peptide of RAD21L -CNSHSELDQPQDWKD. Rabbit αRAD21L-ARP was raised against a recombinant protein expressed in E. coli corresponding to residues 344 to 552 (located at the C-terminus end). IgGs were purified using the Amersham IgG purification Kit.
Methods
The specificity of both Abs was tested against mouse RAD21 and REC8. For this purpose, we carried out immunofluorescence and Western Blotting using Human Embryonic Kidney (HEK) 293T cells transfected with a plasmid expressing REC8, RAD21 and RAD21L. Cells were fixed similarly to the spermatocytes to mimic the conditions of spermatocyte spreads. Both antibodies showed to specifically recognize RAD21L and did not cross-react neither with RAD21 or REC8. Both RAD21 and REC8 were detected simultaneously with an epitope tagged at either N-or C-terminus to validate that they were successfully transfected and expressed. Both antibodies were used to validate the results of the IF and IP data presented throughout this work.
Immunoprecipitation and antibodies. HEK 293T cells were transiently transfected
and whole cell and nuclear extracts were prepared and cleared with protein G Sepharose beads (GE Healthcaere) for 1h. Antibody was added for 2 h. and immunocomplexes were isolated by adsorption to protein G Sepharose beads for 1 hour. After washing, beads were loaded on reducing 8% polyacrylamide SDS gels and proteins were detected by western blotting with the indicated antibodies or silver staining followed by mass spectrometry of the excised and digested bands of interest.
Coimmunoprecipitation of WAPAL with cohesins was analyzed using ditiobis succinyl propionate (DSP, 1mg/ml 10´ at 37 ºC) to stabilize their labile protein complexes 31 .
Immunoprecipitation of the endogenous protein was performed using whole extracts of testis as previously described 32 but with the addition of 5 mM ß-mercaptoethanol.
Immunoprecipitations were performed using rabbit αRAD21L AP IgG (1:500), rabbit αRAD21L ARP IgG (1:500), mouse αFlag IgG (5µg; F1804, Sigma-Aldrich), rabbit Chromatin fractionation. HEK 293T cells were transfected with Flag-Rad21l.
Chromatin fractionation was performed as previously described 
Phylogenetic analysis. Rad21l orthologs were identified by BLASTP searches of
Genbank and other genome webs such as Ensemble. The selected orthologs can be found in Table I . Amino acid alignments were done with ClustalW, using the default settings. The phylogram tree was constructed by using the neighbor-joining method with Poisson correction. The reliability of internal branches was assessed by using 1000 bootstrap with the computer program MEGA4. Table 1 Protein-Gene Identification  ------------------------------------------------------------------------- 
Gallus gallus
Birds Gg +/ENSGALG00000006186 +/Q5ZLK3 ----------- Taeniopygia guttata Birds Tg +/ ENSTGUP00000007091 +/ENSTGUP00000012686 ----------- Meleagris gallopavo Birds Mg +/ENSMGAP00000008199 +/ENSMGAP00000013148 -----------
Anolis carolinensis

Ciona intestinalis
The presence of genomic sequences coding for full protein is indicated with a "+". When most of the full protein is present in the translated genomic sequence is indicated with a "p", whereas the existence of only genomic sequences coding for part of the protein is denoted with "pp" and were not used in the alignment but only as a first hint of its likely existence in that species.------indicates the absence of the protein in the genome. The database sequence accession number of each protein is presented in Table I . The indicated numbers represent the bootstrap values. Major phylogenetic groups are indicated.
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